ABSTRACT: Grafted rubberwood fibre was converted to polyamidoxime ion-exchange resin in order to remove heavy metal ions from aqueous solution. The cation-exchange resin existed predominantly in the syn-hydroxyamino form. The water uptake by the resin was ca. 31 g/g dry resin while its hydrogen ion capacity was 3.6 mmol/g. The adsorption capacity of the resin towards different metal ions from wastewater was determined at different pH values within the range 1-6. The prepared chelating ion-exchanger exhibited the highest adsorption capacity towards Cu 2+ ions (3.83 mmol/g), followed by Cd 
/Co 3+ ion mixtures through the resin at pH 3, Cu 2+ ions were adsorbed by the resin but no sorption of Ni 2+ or Co 3+ ions was detected. Approximately 98% of the Cu 2+ ions could be desorbed from the resin. FT-IR spectroscopy was used to confirm the conversion of polyacrylonitrile-g-rubberwood fibre to polyamidoxime.
INTRODUCTION
Chelating resins having a wide applicability for the selective removal of metal ions and polymeric substances with the ability to complex with metal ions are very common. These materials, which have polyelectrolyte characteristics, have a very large number of sorption sites per macromolecule and have been used to remove toxic and polluting metal ions from wastewater and mine water (O'Connell et al. 2006; Farkas et al. 2001; Gurgel and Gil 2009; Lutfor et al. 2001 , Andrzej et al. 2001 , Chang et al. 2008 , Lacour et al. 2001 . Nitrile groups can be introduced onto cellulose by graft copolymerization of acrylonitrile onto cellulose (Farag and Al-Afaleq 2002, Kubota and Shigehisa 1995) .
Ion exchange is a stoichiometric process in which any counterions that leave the ion-exchanger are replaced by an equivalent amount of other counterions (Navarro et al. 2001) . This is a consequence of the requirement for electroneutrality. Such ion exchange is essentially a diffusion process, but it is also somewhat related to chemical reaction kinetics. Usually ion-exchangers are selective and take up some counterions in preference to others. The rate-determining step in ion exchange is diffusion either within the ion-exchanger itself or in the diffusion boundary layer (Anirudhan et al. 2009 ).
The importance of chelating resins prepared from synthetic polymers lies is their wide applicability for selectively removing metal cations. These materials are usually polyelectrolytes possessing very large numbers of sorption sites per molecule (Kato et al. 2003 , Crini 2005 . Electrostatic forces and coordination bonds in metal ion-chelating groups are the reasons for the high metal-ion selectivity of chelating resin exchangers. Thus, chelating resins containing amidoxime groups form a stable complex with Cu(II) ions (Owsik et al. 2003) and have been used for the pre-concentration of trace metals from aqueous solutions (Shiraishi et al. 2003; Ngeontae et al. 2009 ). Many agricultural by-products are capable of recovering metal ions by adsorption after chemical treatment (Sciban et al. 2008; Wartelle and Marshall 2006; Marshall and Wartelle 2006) . The adsorption capacity of such by-products towards metallic ions may be enhanced through the introduction of various groups into the cellulosic substrate (Okieimen et al. 2005) , with graft polymerization being employed as a technique for modifying rubberwood fibre (Abu-Ilaiwi et al. 2003 , 2004 and cellulosic materials (Ibrahim et al. 2003a (Ibrahim et al. ,b, 2005 . Such materials possess advantages when used as ion-exchangers arising from their chemical resistance, low preparation costs and their ability to offer a hydrophilic surface area despite being insoluble in water (Shukla et al. 2006) .
The purpose of the present study was to prepare an ion-exchange resin based on rubberwood fibre -which is a biodegradable agricultural by-product -and thereby generate an economic ion-exchanger. The sorption onto the resin behaviours of Cu(II), Cd(II), Fe(III), Pb(II), Ni(II) and Co(III) ions from aqueous solutions onto the resin were studied over different pH ranges. This polyamidoxime chelating resin was also used to separate Co(III) and Ni(II) ions from Cu(II) ions using column techniques.
EXPERIMENTAL

Materials
Rubberwood fibre (RWF) was kindly supplied by Merbok MDF Sdn. Bhd. Kedah, Malaysia. The average length of the fibre employed was < 2.36 mm. RWF was boiled several times with distilled water to remove dust and any other water-soluble impurities. Acrylonitrile (AN) monomer purchased from Fluka was passed through a column filled with activated alumina to remove inhibitors. Potassium permanganate (Glaxo) and N,N-dimethylformamide (DMF) (Fluka Chemie) were used without any further purification. Methanol (Merck), hydroxylamine hydrochloride (Fluka) and sodium hydroxide (Merck) were used as received. All other chemicals used were of analytical grade.
Graft copolymerization
Graft copolymerization was carried out employing free-radical methods using potassium permanganate as the initiator. This was achieved by dissolving KMnO 4 in dilute nitric acid solution (0.2 M) to produce MnO 2 , which could precipitate onto the surface of the fibre and form radical centres on the fibre surface. To achieve this effect, the fibres were stirred with the above KMnO 4 solution for 15 min at 70 o C under a nitrogen atmosphere. The nitrogen gas entering the reaction system was used to remove any oxygen present, thereby reducing the extent of homopolymer formation. The fibres initially became brownish in colour and then dark brown when a substantial amount of MnO 2 was deposited onto them. The fibres were then filtered from the solution and stirred with 100 mᐉ of 0.2 M nitric acid under a nitrogen atmosphere at the same temperature to produce the radicals on the fibre surface. After stirring for 5 min, 60 mᐉ of AN monomer was added to start the graft copolymerization. After allowing this reaction to proceed for 180 min, the sample was filtered, washed several times with distilled water and dried to constant weight in an oven. Finally, the polyacrylonitrile homopolymer (PAN) was extracted with DMF for 72 h by means of a Soxhlet extractor. The grafted copolymer was then dried in an oven at 60 o C for 24 h and weighed.
Preparation of a chelating resin containing amidoxime groups
A solution of hydroxylamine hydrochloride (NH 2 OH• HCl) was prepared by dissolving 20 g of hydroxylamine hydrochloride in 300 mᐉ of a methanolic aqueous solution (methanol/water ratio = 80). The hydrochloride content of NH 2 OH• HCl was neutralized by the addition of NaOH solution and the precipitated NaCl removed by filtration . The grafted product was placed in a two-necked flask equipped with a condenser, placed in a thermostatted water bath and mixed with the hydroxylamine solution. The mixture was allowed to react at 70 o C under stirring for 180 min. After completion of the reaction, the resin was filtered and washed several times with the methanolic solution. The resin was neutralized by treating it with a 0.1 M HCl solution for 15 min, following which it was again filtered, washed several times with the methanolic solution and then dried in an oven to constant weight at 60 o C.
Swelling study of the resin
Exactly 0.50 g of the dry resin was soaked in distilled water for 24 h and then filtered off. The swollen resin was pressed lightly between filter papers to remove any traces of water on the surface and then rapidly weighed.
Cation-exchange capacity
About 2.0 g of the ion-exchanger was converted to the H + form by treatment with an excess of a methanolic solution of 0.1 M HCl. Excess HCl was then removed from the resin by washing with methanolic solution, following which the resin was dried at 60 o C. Exactly 0.20 g of the H + -form of the resin was placed in an Erlenmeyer flask and 25 mᐉ of a standard 0.1 M NaOH solution added to the flask which was shaken for 4 h. After shaking, 10 mᐉ aliquots of the supernatant solution were back-titrated with a standard 0.1 M HCl solution, employing phenolphthalein as the indicator.
Sorption of metal ions using the batch technique
The metal-ion adsorption capacity of the resin was measured over the pH range 1-6. Thus, ca. 0.1 g of dried resin was placed in series of 100 mᐉ polyethylene bottles and equilibrated with 20 mᐉ of distilled water. After adding 20 mᐉ of 0.1 M sodium acetate buffer solution to each bottle, 10 mᐉ of a 0.1 M metal-ion solution was then added. The resulting mixture was shaken for 24 h by a rotary shaker and 5 mᐉ of the supernatant collected for metal-ion determination. A GBC-903 atomic absorption spectrometer was used to determine the initial and final amounts of metal ions present in the solutions.
FT-IR analysis
The presence of PAN on RWF and the presence of amidoxime groups on the grafted RWF fibre were confirmed by FT-IR spectroscopy. The IR spectra of RWF, PAN-g-RWF and the polyamidoxime ion-exchange resin samples were recorded via a Perkin Elmer (1600 series) Fourier-Transform IR (FT-IR) spectrophotometer using the KBr disc technique.
Separation of metal ions
Such separations were achieved employing a glass column of 1.00 cm diameter containing exactly 1.00 g of resin with a size range between 100 µm and 200 µm through which distilled water was passed prior to the passage any metal ion solutions. Mixtures of two metal ions (Cu 2+ /Co 3+ and Cu 2+ /Ni 2+ as 10 ppm of Co 3+ and Ni 2+ and 1 ppm of Cu 2+ ion, respectively) were prepared in pH 3 buffered solutions and 25 mᐉ portions of these buffered solutions were passed through the column at a flow rate of 0.45 mᐉ/min. Any non-adsorbed metal ions were washed out of the column by the addition of 10 mᐉ of a metal ion-free pH 3 buffered solution. The metal ions were desorbed from the resin by passing 20 mᐉ of a 0.5 M HNO 3 solution through it. Suitable fractions (2 mᐉ) of the solution were collected and their metal ion content determined by atomic absorption methods.
RESULTS AND DISCUSSION
The resin contained amidoxime chelating groups having the following formula (Owsik et al. 2003) :
The amidoxime exists predominately in the syn-hydroxyamino form, being stabilized by intramolecular hydrogen bonding. Such amidoximes may coordinate as a non-ionic group, but they generally undergo metal ion-assisted proton dissociation from the hydroxyl group upon coordination (Rivas et al. 2000) .
Grafted copolymer
As stated above, the grafting reaction was carried out by free-radical methods initiated by KMnO 4 in the presence of an acid and involved the conversion of Mn(IV) ions to Mn(III) and/or Mn(II) ions (Hebeish et al. 1973) . This process may be depicted by the equations: Once these free-radical species NO • 3 and HO • are created, they produce cellulose macro-radicals by direct abstraction of a hydrogen atom from the hydroxyl group of the cellulose:
Cellulose macro-radicals may also be formed by direct attack of Mn(IV) or Mn(III) ions on the cellulose molecule via abstraction of a hydrogen atom:
In the presence of an acrylonitrile (AN) monomer, the cellulose macro-radical is added to the double bond of AN resulting in covalent bond formation between the monomer and the cellulose, with the simultaneous creation of a free radical on the monomer, i.e. a chain is initiated. Subsequent addition of monomer molecules to the initiated chain propagates grafting onto the cellulose:
Finally, two macro-radicals react together to terminate the polymerization by forming a cellulose-grafted copolymer or by formation of a homopolymer:
where M • is a monomer macro-radical. Figure 1 shows the FT-IR spectra for RWF, RWF-g-PAN and polyamidoxime resin prepared from the grafted polymer. The broad and strong absorption bands in the 3500-3100 cm -1 region of the spectra for all three samples correspond to the O-H stretching vibration of the oxime group (de Santa Maria et al. 2001) , cellulose, absorbed water and lignin. Similarly, the appearance of a broad band at 3100-3350 cm -1 in the resin may be assigned to the N-H group of the amidoxime resulting from the treatment of the nitrile group with NH 2 OH • HCl (El-Sayed et al. 2001) .
FT-IR spectral analysis
The presence of a peak at 1730 cm -1 in the spectra of RWF and grafted RWF (spectra A and B in Figure 1 ) may be associated with the carbonyl (C=O) stretching vibration of the carboxyl groups in RWF (Kazayawoko et al. 1997) , while the strong and sharp band at 2247 cm -1 in spectrum B relates to the presence of the nitrile (CϵN) group (Deo and Gotmare 1999) . In the spectrum of the resin (spectrum C in Figure 1 observed at 1655 cm -1 (de Santa Maria et al. 2001) . The band observed at 939 cm -1 may be assigned to the N-O bond of the oxime group (Rivas et al. 2000) . The presence of an intense band at 2247 cm -1 indicates the existence of many unreacted nitrile groups which are probably scattered randomly along the polymeric chains, in a similar manner to the amidoxime groups (Moroi et al. 2001) . Meanwhile, the broad and intense band observed at 3000 cm -1 is due to absorptions arising from both the N-H and O-H groups in the amidoximated polymer; however, the pronounced overlapping of bands in this spectral range prevented the identification of the individual group vibrations (Moroi et al. 2001) . The amide band of the N-H group appears at 1637 cm -1 (Lutfor et al. 2000) as shown in spectrum C depicted in Figure 1 .
Sorption of metal ions
The influence of pH on the binding properties of six selected metal ions onto polyamidoxime resin are shown in Figure 2 . It will be seen from the figure that the exchange capacities of all the ions studied were pH-dependent; this may be attributed to the release of H + ions during the exchange process . Competition between H + ions and metal ions for the available sites on the resin increases at low pH (< 3.0) and hence the chelating ability of the resin is greatly reduced under these circumstances. Increasing the pH of the system up to 6.0 decreases such competition for the resin sites, with the result that complexation of the metal ions is now favoured (Rivas et al. 2000) . The highest adsorption capacity exhibited by the resin at pH 6.0 was towards the Cu 2+ ion (3.83 mmol/g), possibly as a result of the formation of a 1:1 chelate complex with the amidoxime (McComb and Gesser 1997) . The high capacity exhibited towards the metal ion could be due to the formation of hydroxamic or carboxylic acid groups produced by the hydrolysis of the amidoxime under acidic conditions (Omichi et al. 1986; Riveros 1990) . It has been reported that the Cu 2+ ion can commonly be 4-or 6-coordinate and exist in any of several geometries (Abd. El-Rehim et al. 2000a,b) , with the two coordinating sites being two electron pairs situated on the nitrogen and oxygen atoms, respectively (Lei et al. 1994; Saliba et al. 2000) . The uptake of Fe 3+ ions attained a maximum value at pH 4 and decreased at higher pH values due to the formation of the corresponding hydroxide (El-Sayed et al. 2001) . However, Fe(III) complexes most commonly exist as six-coordinate octahedral arrangements (Abd. El-Rehim et al. 2000a,b) . Similar results have been obtained by Lutfor et al. (2000) using polyamidoxime chelating resin prepared from PAN-grafted sago starch. The cation-exchange capacity of this resin was found to be 6.3 mmol/g.
Separation of metal ions
By a judicious choice of pH value, it is possible to separate Cu 2+ ions from a mixture containing Ni 2+ and Co 3+ ions by passing a solution containing Cu 2+ /Ni 2+ or Cu 2+ /Co 3+ ions at pH 3 through a resin-filled column (Agrawal et al. 1999) . When this separation procedure was carried out with the resin prepared in the present study, it was observed that Ni 2+ or Co 3+ ions passed through the column, whereas Cu 2+ ions were retained by the resin. This result can be explained by chelation of the Cu 2+ ion with the reactive functional groups of the resin to form a stable complex, a process which is favoured under acidic conditions due to the formation of hydroxamic or carboxylic acid groups produced via hydrolysis of the amidoxime (Omichi et al. 1986; Riveros 1990) . Copper ions could be eluted from the column by a flow of 0.5 M HNO 3 solution, when ca. 99% of the metal ion could be recovered from the resin (Figures 3 and 4) . 
CONCLUSIONS
Polyamidoxime ion-exchanger resin was successfully synthesized from polyacrylonitrile-grafted rubberwood fibre with a grafting percentage of 40.4%. The binding capacity of the resin towards some metal ions was studied by batch methods. The highest adsorption capacity for metal ions occurred at pH 6, except for Fe 3+ when the highest adsorption capacity occurred at pH 4. The adsorption capacity of the resin for selected metal ions was in the order: Cu 2+ > Cd 2+ > Fe 3+ > Pb 2+ > Ni 2+ > Co 3+ . The as-prepared resin showed a considerable capacity towards the uptake of water (ca. 31 g/g dry resin) and exhibited a cation-exchange capacity of 3.6 mmol/g. Polyamidoxime chelating resin was used successfully to separate Co 3+ and Ni 2+ ions from Cu 2+ ions using a column technique. 
